THE ACTIVITIES of single nerve cells explored with intracellular electrodes
have been reported by several authors (1, 3, 4, 14) . In those reports researches whether were made in connection with orthodromic or antidromic. It the excitation via neural is desirable, however, to pathways, adopt the method of direct stimulation in order to get more detailed knowledge concerning the physiological properties of the soma membrane. Since the insertion out ordinarily without of microelectrodes into the visual control, there is no neurons must be carried possibility of having two separate microelectrodes lodging in the same neuron, the one for stimulation and the other for recording. The use of a twin-microelectrode was also found inappropriate for the present purpose, because of the electrical interference between each electrode due to their capacitative coupling. The only method available was therefore to use the same microelectrode with certain compensation circuits for both stimulation and recording. The results reported here were obtained with such a method on single spinal motoneurons of Japanese toads.
METHODS
The general procedure of experiments was similar to that described in the previous report (l) from 40 to 50 mV. and spike potentials ("SD-spikes" in Eccles' terminology) from 40 to 65 mV. The largest size of spike potential hitherto obtained was 84 mV., the resting potential being 63 mV. When a cathodic rectangular pulse, i. through the soma membrane, of a .bout 20 ,e., the current msec. duration flowing outwardly was delivered to a spike potential of mo was of superthreshold Itomotoneuron through an intracellular electrode, a neuron soma was evoked provided that the pulse intensity (Fig. 2) . The spike potential was preceded by a slowly rising depolarization, which indicated obviously the charging process of the membrane capacity by the applied current. In the same motoneuron, spike potentials which arose in response to direct stimulation were similar to those evoked by an orthodromic or an antidromic excitation in their size and form. They were exactly all-or-none in relation to the intensity of the applied pulses. The maximal rate of potential rise hitherto observed was 218 V./set. The spike potential departed smoothly from the charging curve and reached the crest after showing a simple S-shaped ascent in the majority of cases. Not infrequently, however, there was found in the ascending phase an inflection or distinct step (Fig. 2 , marked with arrow). These inflections are already known to occur almost regularly in the case of antidromic excitations in the motoneurons of toads (1) as well as in those of cats (3, 4). The potential prior to the inflection point was considered by Brock et al. to be a spike potential in the initial non-myelinated segment of motor axon as recorded from the soma and designated NM-spike.
In the paper by the present authors (1) this was referred to simply as "subliminal potential" without any implication of the site of its origin. Now the name "NM-spike" seems appropriate also in the case of toad's spinal motoneuron, because it was found in the course of the present research that this potential behaves strictly in all-or-none manner in response to direct stimulation.
Indeed, abortive graded responses other than NM-spike were found in motoneuron by direct stimulation (Figs. 2, 6). The presence of NM-spike prior to an SD-spike seems to indicate that the electrode tip was located by chance close to the axon hillock, so that the nonmyelinated segment of the motor axon was first excited and then the soma secondarily and antidromically.
Furthermore, rather frequent occurrence of NM-spikes in response to direct stimulations leads to a conclusion that the non-myelinated segment of the axon may be more excitable than the soma. This conclusion is in accordance with the fact described in our previous paper (1) that also the response of motoneuron evoked by an orthodromic excitation showed in some cases an inflection point in the ascending phase. The NM-spike in the case of orthodromic excitation seeems to be interpretable only by an assumption that the non-myelinated segment is more excitable than the soma, so that the local current due to synaptic potential may excite it primarily, as has been suggested by Gesell (9).
2. Potential-time curve of soma membrane
The potential-time curve of soma membrane was recorded by delivering cathodic rectangular pulses of subthreshold intensity or anodic pulses of similar intensity through an intracellular electrode to a motoneuron with the use of the Wheatstone bridge. The bridge was balanced in advance to compensate D.C. resistance of the microelectrode and spinal cord, except that of soma membrane which is considered to exist in parallel with the membrane capacity. Figure 3 illustrates examples of these curves. The time course of the rise and fall of the membrane charge could be fitted approximately by single exponentials.
A certain amount of arbitrariness was involved in the measurement of the initial part of the curve, because the time course was obscured by a tail of uncontrollable artefact lasting 1 msec. after the onset of the rectangular pulse. A subthreshold cathodic curve was a mirror image of an anodic curve of the same intensity for the first 10 msec. from the beginning. The time constants measured on 25 motoneurons were rather widely ARAKI AND TAKUZO OTANI ascent of the spike potential from a slow depolarization being utilized as a criterion. As expected, the latent time decreased with the increase of current intensity (Fig. 4) Somewhat higher values were found on occasion with currents near threshold, which indicated the initiation of accommodation within 7 or 10 msec. Figure 6 illustrates the responses of a motoneuron to five current pulses of constant duration and varying intensity.
The weakest current brought about local response, which preIn 20 motoneurons sumably remained abortive owing to the brevity of current application. explored the critical voltages ranged from 6.5 mV. to 11.5 mV. No definite relation was found between the-critical voltage and resting or spike potentials. In one and the same motoneuron, however, gradual increase in the critical voltage was often encountered during the lapse of time accompanied by diminution of spike and resting potentials. Since the precise measurement of rheobase was often hindered by the fluctuation of excitability, the rheobase was theoretically derived from the intensity-latency relation which seemed to satisfy Weiss' formula. Likewise, chronaxie was obtained from the curve based on the theoretical rheobase. The latent time of the weakest efficient current actually employed was in general about 10 msec., the longest one being 17 msec. time definable was 1.1 msec. The rheobase and chronaxie thus obtained are summarized in Table 1 . Compared with the chronaxie values obtained in our laboratory on ventral root fibers of the toad, the chronaxie of motoneuron soma is about 20 times as large as that of myelinated axon and rather resembles that of nonmyelinated C fibers. The chronaxie of non-myelinated segment of motor axon lies between those of myelinated segment and soma.
Early effects of electrotonus on excitation of motoneuron soma
In order to know the early effects of current flow through the soma membrane, an impaled motoneuron was excited via ventral or dorsal root while the polarizing currents were flowing through an intracellular electrode. The polarizing currents were cathodic or anodic rectangular pulses of subthreshold intensity. Single stimuli were given to the ventral or dorsal root at a certain time (6-12 msec.) after the onset of the polarizing current.
Spike potentials induced antidromically. In Fig. 7 the curves showing the development of electrotonus are superimposed by SD-spikes evoked antidromically.
The latent time of SD-spike was always shorter in catelectrotonus than in anelectrotonus.
The latter lengthened especially the axonsoma conduction time, so that the NM-spike came often to appear as a double inflection in the rising phase of spike potential.
Also the anodic block of axon-soma conduction was often encountered.
Catelectrotonus to this extent seemed always to bring about a favorable influence on the conduction of impulse.
The size of the SD-spike measured from the potential level, from which the NM-spike arose, was without exception larger in anelectrotonus than in catelectrotonus.
This, of course, was mainly due to the electrotonic potentials which existed at the initiation of the NM-spike, but may have mostly subsided at the crest of the SD-spikes. Little difference was found in the spike size in both electrotonic states, when measured from the original resting potentials; eight motoneurons in 20 exhibited spike potentials of the same size regardless of the sign of applied currents, 10 exhibited anelectrotonic spikes higher than catelectrotonic, spikes slightly lower than the other. and only two showed anelectrotonic Positive dip between spike and after-potential.
In toad's motoneurons the falling phase of SD-spike terminates usually in a small dip interposed between the spike potential and the negative after-potential, as already pointed out in the previous paper (1 sight, the positive dip seems much more conspicuous m the catelectrotomc state than in the anelectrotonic. But this again is largely due to the electrotonic potential, which exists at the beginning of the spike and subsides almost completely when the positive dip develops. Measured from the original resting level, positive dips were more or less larger in the anelectrotonic state than in the catelectrotonic.
Net effects of electrotonus were indeed obscured by the addition of electrotonic potentials whose unknown percentages should have been remaining at the bottom of positive dips. Relatively intense electrotonus diminished the positive dips, whose mechanisms may be different whether due to anelectrotonus or catelectrotonus (see Discussion). Because of the positive dips, the rate of fall of spikes seemed to be accelerated, although it never surpassed the rate of rise. The maximal rate of fall was 177 V./set. which was equal to the rate of rise of that spike potential.
Synaptic potential. The effects of electrotonus were more conspicuous in TATSUNOSUKE ARAKI AND TAKUZO OTANI the case of orthodromic excitation.
As was pointed out previously (l), toad's spinal motoneurons never discharge impulses through a monosynaptic reflex pathway, but always after building up a sufficiently high synaptic potential by the summation of relayed impulses arriving later, when a dorsal root is excited maximally.
Of course there exist monosynaptic connections between motoneurons and dorsal root fibers, but the synaptic potentials evoked monosynaptically seem to exert only a facilitatory influence on later coming impulses of interneurons.
The latent times of synaptic potentials ranged from 1.3 to 2.7 msec. and were always constant with one and the same motoneuron regardless of whether it was in an anelectrotonic or catelectrotonic state. The influence of electrotonus was quite conspicuous on the rate of rise of synaptic potentials and the latency of spike potentials. In the catelectrotonic state the synaptic potential showed as a rule a slow rise and was often initiated as 1 n a sllgntly posltlve uenectlon (positive synaptic potential) which slowly became negative as a steep and often a result of summation of later impulses. On the contrary, stepwise rise of synapti .c potential was found commonly in a motoneuron in the anelectrotonic state. In short, synaptic potentials in toad's motoneuron seem to behave in a manner similar to those in cat's motoneuron (5) and endplate potentials in crustacean muscle fiber evoked by an inhibitor nerve impulse (7). Synaptic delay. The synaptic delay, i.e., a time interval between starting points of synaptic and spike potentials, was always shorter in the catelectrotonic state than in the anelectrotonic.
The synaptic delay in toad's spinal motoneuron is in general relatively inconstant because therein always di-or trisynaptic reflex pathways are concerned. But the effects of polarization just mentioned were found invariably and, in spite of short duration of polarizing currents, became very marked as the currents were intensified. Just subthreshold cathodic currents induced a reduction up to 40 per cent, while the anodic currents of the same intensity lengthened the synaptic delay in similar proportion.
With relatively intense anodic polarization, an inflection which had all the characteristics of an NM-spike became sometimes noticeable on the rising phase of the spike potential.
The non-myelinated segment seems, therefore, to be more resistant to anodic inhibition and to initiate an axonal spike, assisting at the same time the excitation of soma antidromitally .
Repetitive discharge induced orthodromically.
A remarkable tendency to discharge repetitively in response to a single stimulus delivered to dorsal root was noticed especially with motoneurons in the catelectrotonic state. For instance, a motoneuron discharged three spikes in succession in the catelectrotonic state while it discharged only two in the anelectrotonic state. Another specimen showed two spikes in the catelectrotonic state and only a single spike in the anelectrotonic state (Fig. 8) .
Electrical constants of resting membrane
For the purpose of exploring D.C. resistance of soma membrane, the intensity of polarizing currents was measured as a potential drop across the resistance RI' inserted in one arm of the bridge with a D.C. amplifier and cathode-ray oscilloscope. Rectangular pulses were applied to points E and C in Fig. 1 as before. When a single shock was delivered to a ventral root, an SD-spike of impaled motoneuron appeared on the record as a minute change in the current intensity.
In order to disclose a minute change in the current intensity due to capacitance of soma membrane, the total resistance was decreased by shunting RI. Figure 9 shows the records in such a case of low resistance, while the applied voltage was decreased to equalize the current intensity in the case of high resistance. The initial rise of current intensity due to the flow of capacitative current was blunted on the records by the input capacity of the amplifier here employed. However, the distortion was much reduced after the first 1 msec. had elapsed and the records showed an exponential decay of current intensity, which tended to an end value &) determined by the total D.C. resistance (R,) age. Now, Rt is a sum of RI', R, (the resistance of microelectrode used), Ri (internal resistance of motoneuron from the tip of the microelectrode to the cell membrane), R, (membrane resistance existing in parallel with the membrane capacity) and additional resistances (Rf and r) consisting of resistance of tissue and Ringer's fluid and that of potentiometer employed to compensate resting membrane potential. Rf and r were negligibly small compared with others. On the other hand, no information is yet available concerning the internal resistance of motoneuron soma. Assuming that it is of the same order as that of myoplasm of frog sartorius, the resistance of neuroplasm from the tip of the intracellular electrode to the membrane would be at most 50 kst, the specific internal resistance of 230 Q obtained by Katz (12) The capacity and resistance for unit area of soma membrane were calculated under the assumption that the total surface area of a toad' s motoneuron soma and large dendritic branches was 6000 p2. This assump tion of total area was by no means accurate, but only a rough estimation derived from the histological investigation in our laboratory, the total area of large dendritic branches being estimated as large as that of soma. These data are summarized in Table 2 . The equivalent circuit shown in Fig. 1 provides us with another method of estimating the D.C. resistance of soma membrane, if one can take it to represent the electrical properties of the soma membrane. Since the end value of electrotonic potential should be equal to the potential drop across the membrane resistance (R,), it should also be in the same proportion to the applied voltage as R, is to the total resistance of the circuit. Thus R, can be derived from the known values of electrotonic potential, applied voltage and the total resistance, ignoring negligibly small resistances involved in the last one. The calculated values were of the same order as those described above.
DISCUSSION
A marked difference in the action potentials in cat's and toad's motoneurons is a positive dip interposed between spike and after-potentials. Brock et al. (3) noticed its occurrence in some of cat's motoneurons, but they denied it when the motoneuron was in good condition. In toad's spinal cord, however, this must be regarded as a sign of good condition of the motoneuron, because high spike potentials were observed without exception accompanied by marked positive dips. On the contrary, motoneurons showing small resting potentials exhibited as a rule comparatively low spike potentials without any interposed dip. This difference between both kinds of animals seems rather essential and may ensue from an inherent property of the soma membrane.
From the standpoint of ionic hypothesis the positive dip is attributable to delayed rise in potassium conductance of excitable membrane in the falling phase of spike potential (11). When the normal resting potential is appreciably low compared with the equilibrium potential of potassium ions as in the case of squid giant axon, the delayed rise in potassium conductance will appear as a positive after-potential without a preceding negative afterpotential.
When, on the other hand, the normal resting potential is near the equilibrium potential of potassium ions as with frog muscle fiber, spike potential will terminate directly in a negative after-potential without any interposed dip. Toad's motoneurons seem to behave in like manner to squid giant axon, while cat's motoneurons behave as muscle fibers. In fact, it was observed several times that the positive dip was abolished by intense TATSUNOSUKE ARAKI AND TAKUZO OTANI trotonus and the falling phase of spike potential terminated directly in relatively high negative after-potential.
Strictly speaking, however, the positive dip in toad's motoneurons is unmistakably different from ordinary positive after-potential in the fact that the negative after-potential follows it. This reminds us of earlier studies on action potentials in peripheral nerves, in which a positive dip of similar nature was described. At that time this was attributed to incomplete injury of a region beneath the indifferent electrode, or some impairment of the longitudinal homogeneity of axon between both leads (13) . Obviously these two causes are not applicable to the present case. Gasser and Graham (8) found a little trough in the early part of the negative after-potential and called it NZ, or second notch, the first notch being the diphasic artefact. They considered that NZ marks the end of the spike after which the rising phase of negative after-potential follows. The positive dip found in toad's motoneurons is probably similar to Ns in nature, the only difference being that it appears much more markedly in toad's motoneurons, a fact which may be attributable to a peculiarity of their plasma membranes. Since the method of intracellular electrode was introduced in physiological research, electrical constants of cell membrane have been explored in various tissues. The electrical constants obtained by this method are nearest to those of crustacean muscle fiber measured by Fatt and Katz (6). Brock et al. (3) estimated (indirectly from the exponential decay of synaptic potential) the time constant of soma membrane of the cat's motoneuron as 4 msec. This is in accordance with that of toad's motoneuron directly explored. Needless to sa .y, these values m ust be considered as average values of the whole surface membrane of soma and large dendritic branches, of which up to 40 per cent is covered with synaptic knobs in the case of cat's spinal motoneuron (10). SUMMARY 1. Responses of motoneurons in toad's spinal cord to stimulating currents directly applied by an intracellular electrode were recorded through the same electrode. The microelectrode and the spinal cord were put into one arm of the Wheatstone bridge, which was so balanced that only an exponential rise of membrane potential was detectable on the records prior to the spike potential.
2. The motoneuron soma has an electrical excitability. The law of polar excitation is applicable to the soma membrane.
3. Size of spike potentials in motoneuron soma is "all-or-none" with regard to the stimulus intensity.
4. The rheobase of motoneuron soma is of the order of lO-g A. The mean value of chronaxie is 4.6 msec., which is about 20 times as large as that of myelinated axon. 5. The time course of the charging process of the soma membrane was determined by stimulating the motoneuron with a rectangular current pulse. The potential-time curves thus obtained indicated that the mean value of the time constant is 4.3 msec. 
